A B S T R A C T Measuring brain activity in infants provides an objective surrogate approach with which to infer pain perception following noxious events. Here we discuss different approaches which can be used to measure noxious-evoked brain activity, and discuss how these measures can be used to assess the analgesic efficacy of pharmacological and non-pharmacological interventions. We review factors that can modulate noxious-evoked brain activity, which may impact infant pain experience, including gestational age, sex, prior pain, stress, and illness.
Introduction
In adults, self-report of pain is the gold standard of pain reporting, and correlates strongly with pain-induced brain activity [1] . Given that the cortex is where nociceptive inputs are modulated and influenced to form subjective pain experiences [2] , it follows that non-invasive brain imaging may provide the closest estimate of pain perception in the absence of a verbal report. This is of key utility in non-verbal neonates who cannot communicate their pain perception verbally, as alternative surrogate measures, such as facial grimacing, motor responses and autonomic activity, may not be as reliably linked to the perceptual experience, and may be more highly influenced by contextual factors [3] .
Providing analgesia for infants is crucial, as pain in early life can cause negative short-term and long-term consequences. Short-term effects include decreased physiological stability, such as increased heart rate [4] and decreased respiration rate [5] , and long-term effects include altered pain thresholds [6] [7] [8] [9] , and neurocognitive development, including alterations in brain structure, behaviour, and cognitive ability [10] [11] [12] . These differences have been reported to be present in schoolage children, and continued research is now beginning to report differences persisting into adulthood [13] .
Infant pharmacokinetics and pharmacodynamics differ from those of adults [14] , and providing analgesia to infants is not straightforward as it cannot be assumed that the analgesics that work in adults are efficacious or safe in infants [15] . Noxious-evoked brain activity is modulated by analgesics in both adults [16] [17] [18] [19] [20] and infants [21] . Therefore, brain imaging can potentially provide an objective and specific method of estimating infant pain experience and analgesic efficacy, and is of valuable utility to aid the discovery of effective analgesics [22] . Information on analgesic efficacy can then be used to determine whether the benefits of the intervention outweigh any potential adverse side effects [23] .
In this review, we detail the different methods by which it is possible to measure pain-related brain activity in infants, and how these methods can be used to assess the efficacy of analgesics and nonpharmacological interventions. Additionally, we discuss the factors affecting the measurement of noxious-evoked brain activity and the assessment of infant pain.
Methods of pain assessment

Brain imaging
NIRS (Near-infrared spectroscopy)
NIRS measures changes in cerebral oxygenation to infer functional brain activity, relying on the assumption that increased tissue oxygenation reflects an increase in blood flow due to increased neural https://doi.org/10.1016/j.siny.2019.05.008 activity. NIRS has been used in both adults [24] and infants to look at sensory evoked activity [25, 26] . Due to its portability and ease of application, NIRS was the first measure of brain activity used to investigate whether afferent nociceptive input was transmitted to the infant cortex. This demonstration that noxious-evoked activity could be transmitted to the infant cortex -which is necessary for the experience of pain -was an important step forward in infant pain research. An optical sensor was placed on the scalp over the somatosensory cortex, which is located superficially and therefore more accessible to noninvasive optical techniques such as NIRS [27] , and increased cerebral oxygenation was observed after clinically necessary noxious stimuli (heel lance blood tests and venipuncture), but not after non-noxious control stimuli [28, 29] .
NIRS has since been used to measure brain activity evoked by heel lances in independent samples of infants [30, 31] and to other clinically necessary procedures, such as chest drain removal [32] . These studies have added further evidence to support the claim that the NIRS signals being measured reflect noxious-evoked haemodynamic changes in brain activity, and have demonstrated that pain-related NIRS signals can be observed in sedated infants despite dampened pain behaviours, highlighting that measures of brain activity may provide additional information about the infant pain experience. However, a limitation of NIRS is that the observed signals are based on the assumption that there is a direct correspondence between the increased blood flow and underlying brain activity, although this relationship may be influenced by many factors [33] and is more complex in the developing immature brain.
EEG (electroencephalography)
EEG records the electrical activity of neural populations with an array of electrodes on the scalp and is also portable, but allows for a higher temporal resolution than NIRS. EEG has been used to record event-related potentials in both adults [20, 34, 35] and infants [36, 37] following a range of stimuli, and EEG application is not associated with increased stress levels in infants [38] .
In 2010, Slater et al. identified a noxious-evoked potential in infants, which occurs at ∼500 ms after a heel lance blood test over the vertex of the scalp [39] and is evident in single trials. This potential is also observed following low intensity experimental noxious stimulation, is graded with the intensity of the noxious stimulus [40] , and is not observed following auditory, visual, or non-noxious tactile stimuli [21] . A similar pattern of noxious-evoked brain activity has also been recorded following vaccinations in infants aged 1 month to 1 year [41] , demonstrating the commonality of this response following different noxious stimuli and in older age groups.
In order to use this evoked potential as an objective measure in clinical trials of analgesics it needs to be validated in independent samples of infants. A template of noxious-evoked brain activity [21] was derived from the brain activity of a sample of term infants following heel lance blood tests and experimental noxious stimuli, and then validated in four independent studies. Given a new EEG trace, this template can be projected onto the data and is essentially scaled to best fit the noxious-evoked response, providing a useful objective and automated method for quantifying the magnitude of infant noxiousevoked brain activity. In one validation study, the magnitude of the noxious-evoked brain activity quantified using the template was modulated by local anaesthetic, demonstrating its utility to objectively test analgesic efficacy. The reproducibility of this method has been demonstrated, with researchers from independent institutions recording noxious-evoked brain activity that can be reliably fitted with this template [42] .
A limitation of this method is that measuring evoked activity at one location on the scalp does not reflect the full extent of nociceptive processing across the brain, and so analysis across a wider spatial area could improve our understanding and measurement of pain-related brain activity. Furthermore, the template can only be used to quantify noxious-evoked activity following acute, previously-characterised procedures. As many clinically relevant procedures occur instead over minutes or even hours, a different measure, such as changes in the EEG frequency, may be more suitable to characterise pain-related brain activity. Numerous studies have utilised EEG to characterise changes in the frequency domain of brain activity in adults, following both acute and sustained noxious stimulation (including intramuscular injections, thermal and laser stimulation), with observed changes in the alpha, beta, gamma, and delta bands [43] [44] [45] [46] [47] . Alpha power has been suggested to be predictive of subjective pain perception [48, 49] and Misra et al. [50] utilised a machine learning approach to show that pain perception can be classified based on pain-related changes in the power of EEG bands, demonstrating that there are characterisable and specific pain-related changes in EEG power which could be used to create a signature to identify pain. An increase in gamma oscillations, consistent with the adult response, has been observed following heel lance in infants [51] . Further characterization of changes in the time-frequency domain in relation to different noxious stimuli may provide a surrogate marker of the ongoing pain experience in infants.
fMRI (functional magnetic resonance imaging)
fMRI measures changes in blood oxygenation to infer changes in brain activity, commonly using a technique called blood oxygenation level dependent (BOLD) imaging. Changes in the BOLD signal can be localised with high spatial resolution, enabling the identification of anatomical brain areas that are active during particular states. In adults, brain regions that are active during reported pain have been identified, including the primary somatosensory cortex, prefrontal cortex, anterior cingulate cortex, thalamus, insula, and amygdala [2, 52] . A neurological signature of pain, which can discriminate between pain and non-pain states, has been identified in adults and it has been suggested that such a signature would be useful in non-verbal populations [17, 53, 54] . The feasibility of scanning neonates in response to noxious stimulation has been established [55] and the methods for both acquisition and analysis have been optimised, including design of neonatal specific head coils [56] , optimization of echo time [57] , identification of the infant haemodynamic response function [58] and development of bespoke analysis pipelines [59] . The regions of the infant brain that are active following experimental noxious stimulation have been identified [60, 61] and closely resemble those active during the adult experience of pain, including both sensory and affective brain regions.
Development of an fMRI-based signature of pain-related brain activity in infants would provide an objective approach to investigating which aspects of pain-related brain activity are modulated by interventions. Adult studies have suggested that fMRI could be used to optimise central nervous system (CNS) drug development in early-stage clinical trials, by providing insight into how drugs affect the brain in order to identify and prioritize the development of more promising candidates [18, 62, 63] . In the future, application of such a method could be of use in infants, in whom an objective method of drug testing and drug development is even more critical due to their lack of ability to verbally communicate their pain perception.
Electromyography (EMG)
EMG involves the placement of electrodes on the skin overlying muscle to quantify muscle activity. In the field of pain, EMG is applied to limbs to measure reflexes, which occur in both adults and infants in response to noxious stimulation in order to protect the body by minimizing contact with potential harm. Infant reflexes exhibit intensity encoding, correlating with the intensity of the noxious stimulus eliciting the reflex [64] . Although the magnitude of the reflexes elicited by noxious stimuli correlate with noxious-evoked brain activity [40] , reflexes, especially in younger gestational age infants, also occur in response to tactile stimulation [65] , meaning that they are not as specific a reflection of noxious input as noxious-evoked brain activity.
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Behavioural and physiological measures
Behavioural and physiological surrogate measures of infant pain are the most common measures used for clinical pain assessment. Factors such as facial expressions (including brow bulge, nasolabial furrow, eye squeeze, facial muscle tension, and grimace), limb and torso movements, cry, heart rate, and oxygen saturations are measured in order to estimate infant pain levels. There are many composite measures of pain, including the Premature Infant Pain Profile-Revised (PIPP-R) [66] , Neonatal Infant Pain Score (NIPS) [67] , Behavioural Indicators of Infant Pain (BIIP) [68] , Echelle Douleur Inconfort Nouveau-Ne (EDIN) [69] and the COMFORT scale [70] , and these take into account a range of behavioural and physiological variables to provide a better estimate of infant pain. However, neonatal staff report difficulty with assessing pain based on behavioural and physiological indicators [71] , and behavioural and physiological measures may also reflect other emotions such as distress [72, 73] . Investigating how these measures relate to noxious-evoked brain activity across different infant populations (including those with illness or cerebral pathology) may improve our understanding of these behavioural responses.
A multimodal approach to pain assessment
It is clear that pain elicits a range of responses across the infant central nervous system that can be reliably recorded. These different measures of pain-related brain activity are often concordant. For example, group-level measures of brain activity recorded by NIRS and EEG demonstrate correlation [31] , and EEG-recorded noxious-evoked brain activity correlates with both reflex withdrawal [40] and facial expression changes [21, 74] . However, this is not always the case -some individuals do not have correlated NIRS and EEG responses [31] , noxious-evoked brain activity can be observed in the absence of facial expression responses[ [21, 40, 75] ], behavioural and physiological measures are not always harmonious [76, 77] , and cry presence or amplitude does not correlate with noxious-evoked brain activity [78, 79] . Additionally, contextual factors and interventions can disrupt the relationship between ordinarily concordant measures: stress [80] and prior pain [81] disturb the relationship between behavioural measures and noxious-evoked brain activity, sucrose reduces facial expression responses but does not alter noxious-evoked brain activity or reflex withdrawal [82] , and gentle touch reduces noxious-evoked brain activity but does not appear to alter reflex withdrawal [83] .
These disassociations could be due to a range of reasons, including low signal to noise ratios when necessarily considering single trial responses, the distinction between distress and pain, and the immaturity of the developing cortical and corticospinal connections [84, 85] . The discrepancies between these measures highlight how pain-related activity at different sites across the body reflect different aspects of the pain experience. Furthermore, it demonstrates how these patterns of activity can be independently modulated by comfort measures, the environment, or prior experience. These observations emphasize the importance of considering a comprehensive multimodal approach to pain assessment to allow the best estimation of the infant pain. A multimodal approach to pain assessment is well suited to answering research questions and may be particularly important when considering analgesic drug trials. A carefully considered multimodal approach to analgesic assessment, including brain imaging as well as physiological and behavioural indicators, is most likely best able to detect potential adverse side effects of potential analgesics as well as assess efficacy [15] .
Use of brain imaging to assess potential pharmacological and non-pharmacological interventions
Given the adverse short-term and long-term effects of pain [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , and also the potential negative side effects of analgesics, more information on both drug efficacy and drug safety in infants is needed to balance analgesic efficacy with potential adverse drug effects [23] . Previous clinical trials using behavioural and physiological indicators of pain as study endpoints have not always provided clear answers regarding the efficacy of potential analgesics [22, [86] [87] [88] . In this section, we discuss how the different methods of brain imaging could be used to better assess the efficacy of pharmacological and non-pharmacological methods of pain relief.
Sucrose
Oral sucrose and similar sugar solutions are commonly given to infants as a method of pain relief [89] , and many studies demonstrate reduced pain-related behaviour and physiology associated with oral sucrose administration [90] . NIRS was the first method of brain imaging used to investigate the effect of sucrose on brain activity following heel lancing [91] with no significant difference reported in cerebral blood volume between the sucrose or placebo group, despite reduced heart rate and crying after sucrose administration. In agreement with this study, Beken et al. [92] investigated infant brain activity following venipuncture, and found that dextrose caused greater changes in cerebral blood volume in the left frontoparietal region of the brain, but did not alter cerebral blood flow or tissue oxygenation when compared with sterile water administration, despite dextrose-associated reduced behavioural scores. Due to its location, the increase in frontoparietal blood volume was interpreted as an effect of the sugar solution on the brain but not on pain processing, and it was concluded that dextrose did not alter pain-related brain activity.
However, Bembich et al. have also used NIRS to investigate the analgesic efficacy of glucose, as well as breastfeeding, in two studies suggesting that both do alter pain-related brain activity [93, 94] . In the first study, oral glucose was found to block or weaken cortical activity following heel lancing, whereas breastfed infants showed widespread cortical activation but presented significantly less behavioural pain expressions. In the second study, the effect of maternal relationship was investigated, with infants being held during sucrose administration or breastfed (rather than fed expressed breastmilk) benefiting from the greatest analgesic effect.
Similarly, EEG recordings have also been used to investigate the effect of sucrose on noxious-evoked brain activity. Fernandez et al. [95] reported that sucrose attenuated a right frontal increase in EEG activation after heel lancing. In contrast, in 2010 Slater et al. [82] found that sucrose did not affect the magnitude of noxious-evoked brain activity, despite reducing pain-related behaviour concordant with previous investigations [90] . It is likely that the noxious-evoked brain activity quantified by Slater et al. provides a more specific measure of the nociceptive activity as compared with either the NIRS studies or the EEG spectral frequency changes considered by Fernandez and colleagues as the study by Slater and colleagues compared the evoked activity with a control stimulus and analysed only the noxious-specific component of the response. It seems likely that sucrose may reduce distressrelated behaviour and physiology but not alter noxious-specific processing, which means it also may not protect against the long-term adverse consequences associated with early life pain and its effects on the brain [96] . Additionally, the benefits of sucrose use as a comfort method in infants needs to be carefully balanced with possible negative side effects in light of research suggesting that repeated sucrose administration leads to altered brain structure in animal models [97] and altered neurobehavioural development in 40 week old infants [98] . Further research remains to be done to determine the long-term effects of sucrose use in humans.
Topical local anaesthetic
The current literature, which has relied on behavioural and physiological measures of infant pain, is divided on the analgesic efficacy of
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topical local anaesthetic (LA) in infants, with some studies concluding that LA is effective for a range of acute needle-related procedures such as heel lances, cannulation, and venipuncture, and others concluding that it is not [87] . Noxious-evoked brain activity following experimental noxious stimuli is reduced by LA [21] , demonstrating that LA is effective in blocking peripheral nociceptive input. The lack of observed pain relief in earlier studies could be due to factors such as the choice of LA, length of application time, the limited penetration depth relative to the noxious stimulus, or due to the non-specific behavioural and physiological measures used to assess analgesic efficacy: infants may cry and exhibit facial expressions and increased heart rate due to the general distress associated with clinical procedures (for example, from having their hand held firmly in position for cannulation), regardless of the level of pain they are perceiving [21, 22] . However, further work is needed to investigate whether noxious-evoked brain activity following clinical stimuli, which have a deeper penetration and are higher intensity, is also reduced.
Morphine
As with local anaesthetic, the literature has not yielded conclusive results regarding the analgesic efficacy of morphine in infants [86] , with some studies reporting that morphine does provide adequate analgesia [99] [100] [101] , and others concluding that it is not an effective form of pain relief [102, 103] . The Poppi (Procedural Pain in Premature Infants) trial, a blinded, randomised, placebo-controlled trial [15, 104] , aimed to investigate whether oral morphine was an efficacious and safe analgesic for procedural pain in non-ventilated premature infants and used a multimodal approach, including measuring brain activity, behaviour, physiology, and reflex withdrawal to assess the responses to heel lancing and Retinopathy of Prematurity (ROP) eye screening. The trial was stopped early due to profound respiratory side effects. Morphine did not alter the magnitude of noxious-evoked brain activity following heel lancing, nor did it alter the PIPP-R [66] behavioural scores to either heel lancing or ROP screening, though the trial was underpowered due to early cessation and it was therefore not possible to draw conclusions about the analgesic efficacy of morphine. Importantly this trial demonstrates the importance of taking a multimodal approach to analgesic assessment, including the thorough analysis of potential adverse effects and the utility of brain imaging. The trial concluded that oral morphine at a dose of 100 μg/kg should not be recommended for non-ventilated infants for ROP screening due to its risk of adverse effects.
Skin-to-skin contact
Skin-to-skin contact is a comfort measure which reduces behavioural and physiological measures of infant pain [105] . NIRS has been used to investigate the effect of skin-to-skin contract on brain activity in preterm neonates undergoing venipuncture [106] . A significantly smaller increase in oxygenated haemoglobin was found when the infants were being held by their mothers compared with when they were lying in their cot or incubator, consistent with a lower behavioural and physiology pain-related score. The authors concluded that skin-to-skin contact had a pain-relieving effect.
Slow touch targeted towards C-tactile fibres
Slow, gentle touch at a velocity of approximately 1-10 cm/s has been demonstrated to reduce both self-reports of pain and pain-related brain activity in adults [107, 108] . This effect is believed to be mediated by C-tactile (CT) fibres, a subclass of mechanoreceptor in the skin which respond to the pleasant aspects of touch [109, 110] , encouraging affiliative behaviours [19] . In infants, gentle massage has been shown to reduce pain-related behaviours and physiology [111] [112] [113] [114] [115] . This may be related to activation of CT-fibres; noxious-evoked brain activity in term infants (in response to both experimental noxious stimulation and clinically required heel lance) is reduced by slow gentle brushing [83] , performed at a rate known to activate CT-fibres in adults [110] . As pain relief interventions are limited in infants and non-pharmacological methods of pain relief do not hold the risk of adverse side effects, evaluating their efficacy is essential. Determining whether gentle touch also modulates noxious-evoked brain activity in preterm infants will be an important next step.
Factors affecting noxious-evoked brain activity and the measurement of infant pain
Many factors influence how an infant responds to noxious stimulation, including their gestational age, sex, prior pain exposure, illness, and stress levels. Here we describe how noxious-evoked brain activity may be influenced by some infant contextual factors and how this changes in relation to other pain-related responses.
Gestational age and sex
Noxious-evoked brain activity measured with both EEG and NIRS increases in magnitude and decreases in latency during preterm development [28, 116] . Noxious-specific potentials measured with EEG are more likely to occur in older infants, maturing from the non-modality specific burst patterns of EEG, known as delta brushes, seen in infants below ∼34-37 weeks gestational age[ [116, 117] ]. In term infants, functional connectivity (measured with fMRI) between regions in the descending pain modulatory system (DPMS) has been associated with lower noxious-evoked brain activity, suggesting that the DPMS has an inhibitory influence on noxious responses from a young age and that the development of the DPMS during early infancy will influence the magnitude of observed noxious-evoked brain activity [61] .
Reflexes also mature during the preterm period, decreasing in magnitude, duration and latency, increasing in activation threshold, and beginning to occur more discriminately after solely noxious events rather than also tactile stimulation [64, 65, 116 ]. This refinement is concomitant with an increase in the magnitude of noxious-evoked brain activity, suggesting that top-down modulation of reflexes may begin to emerge in early postnatal life, consistent with animal studies[ [84, 85, 116] ]. However, a dissociation between noxious-evoked brain activity and reflex withdrawal has been observed following the application of CT-optimal touch in term infants [83] , which reduced brain activity but not reflex withdrawal. This may be due to immature descending corticospinal tracts limiting communication between the brain and spinal cord [84, 85] and suggests that top-down inhibition is not fully mature at term age.
Facial expressions similarly change with age: the latency to facial expression change decreases with postmenstrual age [118] , the duration of brow bulge, eye squeeze, and nasolabial furrow in the 30 s post stimulus increases with age, and infants are more likely to exhibit a discriminate facial response (to noxious stimuli but not non-noxious touch stimuli) over ∼ 33 weeks gestational age, concomitant with the maturation of noxious-specific brain activity [74] . Some behavioural and physiological measures of infant pain, such as the PIPP-R [66] and EDIN6 scale [119] , account for gestational age in their points systems, allowing for the fact that younger infants are less likely to respond.
Sex-dependent differences in brain activity responses to noxious stimuli have been observed using EEG [120] , with female infants more likely to exhibit widespread rather than localised pain-related potentials. Several behavioural studies have also reported sex-dependent differences, with female infants displaying more pain-related facial features [121] and higher pitch crying [122] than male infants. In concordance with this, the adult literature also reports differences in male and female pain perception, and the intensity and spatial distribution of pain responses [123] . 
Stress, illness and prior pain
Infants who are under stress or sick display differing responses to noxious stimuli. Jones et al. [80] found that stress (measured utilising salivary cortisol samples) leads to a dissociation between noxiousevoked brain activity and noxious-evoked behaviour, measures of pain which are usually correlated, with an increase in noxious-evoked brain activity but not behaviour. This is consistent with adult evidence that stress enhances pain sensitivity [125] , but could lead to inaccurate estimations of infant pain based on behavioural indicators -further demonstrating the importance of a multimodal approach to infant pain measurement.
Illness also affects measurements of pain, with extremely sick infants less able to mount facial or behavioural responses [27] and displaying altered cry acoustics [126] . Additionally, behavioural measures can be difficult to observe in instances where clinical equipment such as intubation is present and masking facial features or the ability to cry [127] . Future research is required to investigate noxious-evoked brain activity in these infants, shedding light on their pain experience.
Regarding prior pain, Slater et al. [6] used EEG to determine that noxious-evoked potentials following clinically necessary heel lances were larger in ex-premature infants at term-corrected age (having spent time in neonatal units undergoing painful procedures) than in agematched term-born infants. Ozawa et al. [81] demonstrated that prior pain disrupts the relationship between cortical and behavioural measures of pain, indicating that prior experiences should be taken into account when assessing neonatal pain. Prior pain also influences behavioural pain scores in both premature infants [128] and term-born infants [129] . Moreover, these effects may continue into childhood and adulthood: children who have experienced early life pain display increased cerebral responses to pain [130] and pain catastrophising [131] , and early life surgery is related to altered somatosensory processing in young adults [13] .
Conclusion
Measures of noxious-evoked brain activity are a useful tool for infant pain assessment as they are objective and quantifiable, and changes in brain activity are likely to be related to the experience of pain. These features mean that brain activity is also well suited for investigating analgesic efficacy. Noxious-evoked brain activity is generally correlated with other indicators of infant pain, however, brain activity can be seen in the absence of these indicators, and is influenced by contextual factors such as infant age, sex, prior pain, stress levels, and illness. A multimodal approach to pain assessment, including the measurement of noxious-evoked brain activity, can provide the most comprehensive estimate of the infant pain experience.
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Practice points
• Neonatal staff should be aware that noxious-evoked changes in brain activity can be recorded in infants even when there are no visible pain-related behaviours.
• Neonatal staff should be aware that interventions (such as oral sucrose) may dampen pain-related behaviours without affecting noxious-evoked brain activity.
• Neonatal staff should be aware that contextual factors such as age, sex, prior pain, stress, and illness will influence how an infant responds to noxious input, and that these factors can disrupt the relationship between different measures of noxious-evoked activity.
Research directions
• Noxious-evoked changes in brain activity should be characterised following longer clinical procedures and post-operative pain.
• Different modalities of brain imaging should be developed to provide well-defined templates of noxious-evoked brain activity.
• Brain imaging should be included with other pain assessment measures in clinical trials that aim to assess the efficacy of analgesic interventions.
